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For most applications, photopharmacology aims at designing azobenzene-based photoswitchable 
drugs in such a way that the metastable (Z)-form is more biologically active than the stable (E)-form. 
Because of its bent geometry and favorable dipole moment, benzophenone emerged as a promising 
substructure for bioisosteric replacement with (Z)-azobenzene. Here, we test this design hypothesis 
in the preparation of photoswitchable modulators of the circadian clock and with photoswitchable 
analogs of ketoprofen for the optical control of COX-2 activity. In the first case, azologization of 
benzophenone enabled the reversible regulation of the circadian period with visible light. On the other 
hand, ambiguous preliminary results were obtained in the latter case due to interference of 
azobenzene with the fluorescence readout of the assay. Overall, benzophenone appears to be a (Z)-
like azostere due to its structural and electronic similarity with (Z)-azobenzene. 
 

 

 

 
 

 
 

 
 

 

Section 5.2 was published as part of: 
Photopharmacological Manipulation of Mammalian CRY1 for Regulation of the Circadian 
Clock. 
Dušan Kolarski, Simon Miller, Tsuyoshi Oshima, Yoshiko Nagai, Yugo Aoki, Piermichele Kobauri, 
Ashutosh Srivastava, Akiko Sugiyama, Kazuma Amaike, Ayato Sato, Florence Tama, Wiktor 
Szymanski, Ben L. Feringa, Kenichiro Itami, and Tsuyoshi Hirota 
J. Am. Chem. Soc., 2021, 143, 2078–2087.  
 
Section 5.3 has been adapted from the master thesis of Elmar Diekstra. 
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5.1 Introduction 

Current pharmacotherapy is often affected by toxicity-related side effects which arise from 
poor drug site- and organ-selectivity.1 Numerous strategies have been explored to 
overcome this well-known issue. One example is the design of bivalent ligands2 or 
inhibitors,3 which show enhanced potency and target specificity by targeting two binding 
sites simultaneously. Other possible approaches include the use of drug delivery systems4 
or local administration of the drug as in the case of ophthalmology.5  

In recent years, light emerged as an extremely attractive trigger for the non-invasive 
control of drug activity within photopharmacology.6 Photopharmacology is a 
groundbreaking approach in medicinal chemistry that uses molecular photoswitches to 
enable spatial and temporal control over the biological activity of drugs with light.7,8 After 
a molecular photoswitch is incorporated into a bioactive compound, its photoisomerization 
produces changes in the structure and properties of the drug.6,7,9  

Because of its synthetic accessibility and robust photochemistry, azobenzene is the most 
used photoswitch in photopharmacology.7,8,10 Irradiation with light of suitable wavelengths 
promotes the photoisomerization of the thermally stable (E)-isomer to the metastable (Z)-
isomer. This process causes considerable light-induced changes in end-to-end distance 
(from 9 Å to 6 Å) and dipole moment (from 0 D to 3 D).10 For an optimal regulation of 
biological systems, a photoswitchable drug needs to show significant differences in activity 
between the photoisomers.11 

The rational introduction of azobenzene into bioactive compounds relies on two 
established approaches, i.e., azo-extension and azologization.12,13 In the former, the 
structure-activity relationship (SAR) of existing bioactive compounds is explored and 
promising sites for the attachment of azobenzene are identified.12 In the latter, azobenzene 
is incorporated by substituting a variety of bioisosteres (“azosteres”),13,14 such as N-aryl 
benzamides,15 benzyl ethers,13 and biaryl sulfonamides.16,17 Since most azosteres are 
structurally and electronically more similar to (E)-azobenzene than (Z)-azobenzene, their 
azologization generates photoswitchable analogs that are more active in their 
thermodynamically stable (E)-isomer.14  

However, the design of photopharmaceuticals that are more potent in their metastable (Z)-
isomer ((Z)- or “cis-on”) would allow the safe administration of an inactive (E)-form, which 
can be activated in the desired time and location.17,18 For this reason, (Z)-like azosteres 
have the potential to increase the chemical space available for rational 
photopharmacology.17 In this chapter, we report the identification of benzophenone as a 
promising (Z)-like azostere by virtue of its similarity with (Z)-azobenzene in terms of 
molecular geometry and electronic properties. We investigated the azologization of 
benzophenone with two case studies, i.e., the development of photoswitchable regulators 
of CRY1 for the control of the circadian clock (section 5.2) and the design of 
photoswitchable derivatives of ketoprofen (section 5.3). 
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5.2 Structural search and azologization of circadian clock 
regulators 

To explore the structural similarity of benzophenone and (Z)-azobenzene, we performed 
a screening of the Cambridge Structural Database (CSD), which showed clear 
resemblance between the two substructures with regard to both ring angles and ring 
distances (Figure 5.1). Through a comparative analysis of protein-ligand complexes from 
the Protein Data Bank (PDB), the geometry distributions in the CSD and the PDB were 
found to be in very good agreement (Figure 5.10 in section 5.7.4). Moreover, the 
experimental dipole moments of benzophenone (3.0 D19) and (Z)-azobenzene (3.0 D) are 
identical, while (E)-azobenzene has a dipole moment of 0 D.20 This striking analogy was 
confirmed by density functional theory (DFT) calculations (section 5.7.6). 

 

Figure 5.1. (A) Benzophenones as (Z)-like azosteres. (B) Distributions of ring angles and 
ring distances in the CSD. (C) Dipole moments and electrostatic potential surfaces, where 
red color represents max. negative potential and violet color represents max. positive 
potential. 

Inspired by these data, we designed a library of photoswitchable analogs of TH129, a 
regulator of the circadian period. Its biological target, CRY1, belongs to the 
photolyase/cryptochrome family and is a light-dependent transcriptional repressor that 
regulates circadian rhythms and blood glucose levels.21,22 The essential role of the 
benzophenone moiety (Figure 5.2B) prompted us to photopharmacologically manipulate 
its interaction with Phe409 for controlling the circadian clock, under the hypothesis that the 
benzophenone moiety is structurally and electronically similar to (Z)-azobenzene (Figure 
5.2A). 
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Figure 5.2. Rational design of azobenzene derivatives of TH129. (A) Azologization of 
benzophenone. (B) Docking poses of (E)-isomers (blue) and (Z)-isomers (red) of the 
compounds superposed with CRY1-TH129 complex (gray-green, PDB ID: 7D19). 

With the aim of determining the most favorable azobenzene regioisomer for light 
modulation, we considered all three possible structures (GO1323, DK551, and YG037 for 
para, meta, and ortho positions, respectively, Figure 5.2A). Docking simulations of the 
azobenzene derivatives into the CRY1-TH129 crystal structure showed that the (Z)-
isomers of GO1323 and DK551 mimicked the bent geometry of the benzophenone moiety 
to engage in a π-π interaction with Phe409, which was not formed by the largely different 
conformations of the other binding poses (Figure 5.2B), suggesting a possibility of light-
dependent regulation of CRY1.  

Based on rational design, four azologs of TH129 were synthesized, and photochemically 
and biologically characterized.23 The visible-light-responsive derivative GO1423 was 
determined to be inactive before irradiation, while irradiation with green light caused 
circadian period lengthening similar to the parent compound. These results demonstrate 

A 

B 

GO1323 DK551 YG037 GO1423 
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that benzophenone is a suitable moiety for rational azologization of biologically active 
compounds. The bent geometry and dipole moment of benzophenone were critical in 
successfully obtaining (Z)-on ligands as a result of higher similarity with the metastable 
(Z)-isomer. Detailed structure-activity relationship and photochemical analyses of all 
possible azobenzene regioisomers led to discovery of the ideal substitution for light-
dependent regulation of CRY1.23 The bioisosteric replacement of benzophenones with 
azobenzenes opened the possibility of spatiotemporal manipulation of circadian rhythms. 

5.3 Photoswitchable analogs of ketoprofen 

5.3.1 Design 

Ketoprofen is a nonsteroidal anti-inflammatory drug (NSAID) that is commonly prescribed 
for arthritis-related pain.24 It decreases the biosynthesis of prostaglandins by targeting 
cyclooxygenase (COX) enzymes, thus alleviating pain.25 However, repeated use of 
ketoprofen, and NSAIDs in general, can provoke gastrointestinal bleeding and 
ulceration.26 Local administration could decrease the incidence of such effects, but 
frequent injections cause necrosis and pain at the injection site, and transdermal 
administration requires high doses of ketoprofen and repeated application because of 
limited skin penetration.26  

By contrast, photoswitchable NSAIDs could counteract the adverse effects of chronic use 
of ketoprofen. Encouraged by a previous report of azobenzene-containing COX-2 
inhibitors outside photopharmacology,27 we envisioned that the local activation of (Z)-on 
ketoprofen azologs would allow for more targeted drug action at the site of inflammation. 
Azologization of the benzophenone substructure in ketoprofen was the starting point for 
the design of a library of photoswitchable analogs, which were synthesized, 
photochemically characterized and evaluated in a fluorometric COX-2 assay. 

Our molecular design combined elements from other NSAIDs28 with photochemistry-
enhancing substituents (Figure 5.3). In particular, the naphthyl moiety of naproxen inspired 
compound 20, while its methoxy substituent inspired compounds 11, 16 and 17. 
Concurrently, the introduction a para-methoxy group is known to enhance the 
photostationary state distribution (PSD), i.e., the enrichment of a specific isomer under 
irradiation at a certain wavelength of light.11 Furthermore, the chlorine substituents of 
diclofenac inspired the design of compound 7 and 26, whereas the fluorine substituent of 
flurbiprofen inspired compound 6. The incorporation of tetra-ortho-chloro and di-ortho-
fluoro substituents enables photoisomerization by the use of visible light.29,30 Besides the 
exploration of methoxy, fluorine and naphthyl substituents, we also investigated an analog  
of compound 5 containing a para-substituted azobenzene (compound 25).  
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Figure 5.3. Molecular design of ketoprofen azologs by rational azologization of 
benzophenone and incorporation of substituents taken from FDA-approved COX-2 
inhibitors. 

The design hypothesis was first explored in silico through induced fit docking31 (IFD, Figure 
5.4). Since no crystal structure was available of the COX-2-ketoprofen complex, we used 
a complex with ibuprofen for this study (PDB ID: 4PH9). The IFD pose of ketoprofen 
showed that the carboxylic acid engages in a salt bridge with Arg120 and a hydrogen bond 
interaction with Tyr355, while the carbonyl group of the benzophenone substructure 
interacts with Ser350. The docking results suggested that (Z)-azobenzene would mimic 
benzophenone more closely than (E)-azobenzene inside the binding pocket of COX-2 
(Figure 5.4).  

 

Figure 5.4. IFD poses of (E)-5 (cyan) and (Z)-5 (red), superposed with the IFD pose of 
ketoprofen (green) into COX-2 (PDB ID: 4PH9). 
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5.3.2 Synthesis 

For our synthetic route, 2-(3-nitrophenyl)acetic acid was chosen as starting material.  First, 
methylation at the benzylic position was attempted by following a literature procedure,29 
which resulted in low yields (~15 %) and an inseparable mixture of starting material and 
product. Therefore, we designed a different route (Scheme 5.1). The esterification of the 
carboxylic acid enabled deprotonation of the benzylic position of 1 with NaH in THF, 
followed by methylation with iodomethane to yield compound 2. Subsequent saponification 
with LiOH afforded compound 3, which was reduced to compound 4 by applying standard 
hydrogenation conditions. Intermediate 4 was submitted to three Baeyer-Mills reactions 
with different nitroso-benzenes, providing the target compounds 5, 6 and 7. 

 

Scheme 5.1. Synthesis of compounds 5-7. 

With regard to the synthesis of derivative 11, oxidation of compound 4 to its nitroso 
derivative could not be achieved without overoxidation to compound 3. For this reason, it 
was necessary to carry out the oxidation on the amino-substituted ester 8 (Scheme 5.2). 
Consequently, Baeyer-Mills reaction followed by hydrolysis of methyl ester yielded target 
compound 11. 

 

Scheme 5.2. Synthesis of compound 11. 

The remaining methoxy derivatives (16 and 17) and naphthyl derivative 20 were obtained 
via azo coupling and subsequent Williamson ether synthesis (Schemes 5.3 and 5.4). 
Interestingly, 2,6-dimethoxyphenol did not dissolve under standard azo coupling 
conditions, but required a more concentrated NaOH solution. This increase in pH resulted 
in the concomitant hydrolysis of the ester group yielding carboxylic acid 13. Next, the 
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hydroxyl groups of intermediates 12, 13 and 18 were methylated with K2CO3 and methyl 
iodide, and ultimately hydrolyzed to afford target compounds 16, 17 and 20. 

 

 

Scheme 5.3. Synthesis of compounds 16 and 17. 

 

Scheme 5.4. Synthesis of naphthyl derivative 20. 

To obtain the para-substituted analog 25 (Scheme 5.5), we adapted our initial synthetic 
strategy (Scheme 5.1). Finally, late-stage functionalization of compound 5 with Pd(OAc)2 
and N-chlorosuccinimide (NCS) afforded tetra-ortho-chloro derivative 26, by adapting a 
procedure previously published on a similar substrate.30  
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Scheme 5.5. Synthesis of para-substituted analog 25. 
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Scheme 5.6. Synthesis of tetra-ortho-chloro derivative 26. 

5.3.3 Photochemical properties 

The photochemical properties of the synthesized compounds were investigated both in 
DMSO and in COX-2 assay buffer by UV-vis and NMR spectroscopies. A representative 
example of the characterization is depicted in Figure 5.5 for compound 5, while for an 
overview of the properties of the library of compounds the reader is referred to section 
5.7.2. 

 
Figure 5.5.  Photochemical evaluation. UV-vis spectra of compound 5 at 20 µM in (A) 
DMSO and (B) 1 % DMSO in COX-2 assay buffer at the thermal equilibrium (light blue), 
PSS365nm (red) and PSS420nm (dark blue). Repeated photoisomerization of compound 5 
with λ = 365 nm and 420 nm light at 20 µM in (C) DMSO, (D) 1 % DMSO in COX-2 assay 
buffer, (E) with additional 10 mM glutathione. Thermal (Z)-to-(E) isomerization of 
compound 5 in (F) DMSO and (G) COX-2 assay buffer at 20 µM with exponential fitting 
results.  
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Remarkably, compound 6 could be photoisomerized to the (Z)-isomer by irradiation with 
green light (λ1 = 535 nm). Additionally, three more derivatives were responsive to visible 
light, i.e., compounds 16 and 20 (λ1 = 390 nm) and 26 (λ1 = 630 nm). In terms of enrichment 
of the metastable isomer, several compounds showed high photostationary distributions 
(PSDs) above 90 % of the (Z)-form (Table 5.2). After repeated irradiation cycles with 
alternating wavelengths in DMSO and in COX-2 assay buffer, also in presence of the 
reducing agent glutathione, our compounds show no fatigue (Figure 5.5), except 
compound 6.  

5.3.4 Biological evaluation  

With a library of nine compounds in hand, we evaluated their inhibitory activity against 
COX-2 with a fluorescence-based assay (see section 5.7.3 for details). As a first step, we 
screened all compounds at a fixed concentration of 10 µM in three replicates (Figure 5.6). 

 

Figure 5.6. Screening of COX-2 inhibition at 10 µM for the library of photoswitchable 
compounds and at 1 µM for ketoprofen.  

Ketoprofen was determined to be more active than its azobenzene analogs, and relatively 
modest differences in activity were observed between the thermally adapted and irradiated 
samples, except for compound 5 and 20. Since compound 20 showed the strongest 
inhibition after irradiation, we selected it for further enzymatic studies (Figure 5.7). 
Ketoprofen displayed a high inhibitory potency in line with literature values.33 On the other 
hand, irradiation with λ1 = 390 nm light resulted in no significant activation of compound 
20, which showed a 104-fold lower potency than ketoprofen. 
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Figure 5.7. Dose-response curves and obtained IC50 values for ketoprofen and compound 
20 before and after irradiation with λ = 390 nm. 

To check the stability of our compounds during the assay, we performed additional control 
experiments. Since COX-2 is known to co-oxidize inhibitors34 and to oxidize DNA35, we 
verified whether our photoprofen analogs could be compromised by this highly oxidative 
environment. Firstly, compound 5 was monitored by UV-vis spectroscopy during both the 
incubation time and the enzymatic reaction (Figure 5.8). Both before and after irradiation, 
compound 5 was degraded in the presence of COX-2, cofactor and arachidonic acid. The 
absorption spectra were stable over 10 min, with no sign of significant decrease that could 
indicate degradation or oxidation. 

 

Figure 5.8. Monitoring of the stability of compound 5 in the oxidative conditions of the 
COX-2 assay. 

Subsequently, we carried out competition experiments to investigate the possible 
interference of our azobenzene-containing inhibitors with the assay. We selected two 
concentrations of ketoprofen around its IC50 value (i.e., 10 nM and 100 nM) and a fixed 10 
µM concentration of compound 7 and simple, unsubstituted azobenzene. Since plain 
azobenzene has no known affinity for COX-2, any observed interference cannot be the 
result of binding pocket interactions. Upon addition of a competitor, the measured enzyme 
activity increased significantly (Figure 5.9), indicating that azobenzene interfered with the 
assay. Unfortunately, it was not possible to unveil more specific aspects of this interference 
because the mechanistic details of the fluorometric detection in the assay are proprietary. 
Future studies need to explore different COX-2 inhibition assays, e.g., enzyme-linked 
immunosorbent assays (ELISA).32 
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Figure 5.9. Competition experiment in presence of 100 nM (orange) and 10 nM (pink) 
ketoprofen with (A) no competitive inhibitor added, (B) 10 µM (E)-7, (C) 10 µM (Z)-7, (D) 
10 µM (E)-azobenzene and (E) 10 µM (Z)-azobenzene. 

5.3.5 Conclusion 

A library of nine azologs of ketoprofen was synthesized and photochemically 
characterized. After screening the compounds in a fluorometric COX-2 assay at a fixed 
concentration of 10 µM, compound 20 was chosen for more detailed biological 
characterization. While ketoprofen maintained its high reported potency in the nM range, 
inhibitor 20 displayed activity in the µM range, both before and after irradiation. Therefore, 
we checked the stability of our compounds under the oxidative conditions of the assay. 
However, because of project-related limitations in terms of time and compound availability, 
it was necessary to perform these control experiments with different compounds. First, we 
monitored the absorption spectra compound 5 in the presence of COX-2, observing 
minimal changes. On the other hand, competitive binding experiments of ketoprofen with 
compound 7 and simple azobenzene indicated that azobenzenes-containing compounds 
caused interference with the assay. Since numerous details were missing in the supplier 
protocol (e.g., exact mechanism of the fluorescent probe and buffer composition), we were 
unable to identify the exact causes of the interference. 
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5.6 Experimental section 

5.6.1 Synthesis and characterization 

For general remarks, see chapter 3. 

Methyl 2-(3-nitrophenyl)acetate (1) 

 
2-(3-Nitrophenyl)acetic acid (1.3 g, 7.2 mmol) was dissolved in MeOH (72 mL), and conc. 
H2SO4 (0.50 mL, 9.4 mmol) was added. The mixture was stirred under reflux at 65 °C 
overnight. The reaction mixture was cooled down to r.t. and 50 mL of both EtOAc and 1 M 
aq. NaOH were added. The organic layer was separated and washed two more times with 
1 M aq. NaOH, dried over MgSO4, and the solvent was evaporated in vacuo to afford 
compound 1 as a colourless solid (1.3 g, 6.7 mmol, 93 %). Rf: 0.8 (petroleum ether/EtOAc 
= 50:50, v/v). 1H NMR (400 MHz, CDCl3) δ 8.14 (m, 2H), 7.62 (d, J = 7.7 Hz, 1H), 7.50 (J 
= 7.7 Hz, 1H), 3.74 (s, 3H), 3.72 (s, 3H). 13C NMR (101 MHz, CDCl3) δ 170.7, 148.2, 135.8, 
135.6, 129.4, 124.2, 122.1, 52.2, 40.3. HRMS (ESI-) m/z calc. for [M-H]- (C9H8NO4

-): 
194.0459, found: 194.0459. M.p.: 24-26 °C. 

Methyl 2-(3-nitrophenyl)propanoate (2) 

 
Sodium hydride (138 mg, 5.74 mmol) was stirred in THF (30 mL), and the mixture was 
stirred and cooled down to -40 °C with an acetone/liquid N2 bath. A solution of compound 
1 (800 mg, 4.10 mmol) in THF (10 mL) was added dropwise. After 2 h, iodomethane (0.51 
mL, 8.20 mmol) was added dropwise and the mixture was stirred for another 2 h. The 
mixture was quenched with sat. aq. NH4Cl, extracted with EtOAc, washed with brine, dried 
over MgSO4 and the solvent was evaporated. The product was purified by flash 
chromatography (petroleum ether/EtOAc, from 100:0 to 90:10, v/v) to afford compound 2 
as a colorless liquid (550 mg, 0.74 mmol, 64 %). Rf: 0.7 (petroleum ether/EtOAc = 70:30, 
v/v).1H NMR (400 MHz, CDCl3) δ 8.17 (s, 1H), 8.12 (d, J = 7.9 Hz, 1H), 7.64 (d, J = 7.9, 
1H), 7.50 (t, J = 7.9 Hz, 1H), 3.84 (q, J = 7.2 Hz, 1H), 3.68 (s, 3H), 1.55 (d, J = 7.2 Hz, 
3H). 13C NMR (101 MHz, CDCl3) δ 174.0, 148.5, 142.5, 134.0, 129.7, 122.8, 122.4, 52.5, 
45.2, 18.5. HRMS (ESI-) m/z calc. for [M-H]- (C10H10NO4

-): 208.0615, found: 208.0615. 
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2-(3-Nitrophenyl)propanoic acid (3) 

 
LiOHꞏH2O (121 mg, 2.88 mmol) was dissolved in water (21 mL, 0.08 M), and a solution of 
compound 2 (352 mg, 1.68 mmol) in a mixture of THF (32 mL) and MeOH (43 mL) was 
added. After stirring overnight at 35 °C, the mixture was diluted with EtOAc and water. The 
aqueous layer was acidified with 1 M aq. HCl and extracted with EtOAc. The organic layer 
was dried over MgSO4 and concentrated to afford compound 3 product as a brown solid 
(325 mg, 1.67 mmol, 99 %). Rf: 0.2 (petroleum ether/EtOAc, 60:40, v/v). 1H NMR (400 
MHz, CDCl3) δ 8.19 (s, 1H), 8.14 (d, J = 7.9 Hz, 1H), 7.66 (d, J = 7.9 Hz, 1H), 7.51 (t, J = 
7.9 Hz, 1H), 3.87 (q, J = 7.2 Hz, 1H), 1.58 (d, J = 7.2 Hz, 3H). 13C NMR (101 MHz, CDCl3) 
δ 179.3, 148.5, 141.5, 134.0, 129.6, 122.8, 122.6, 44.9, 18.0. HRMS (ESI-) m/z calc. for 
[M-H]- (C9H8NO4

-): 194.0459, found: 194.0460. M.p.: 75-76 °C. 

2-(3-Aminophenyl)propanoic acid (4) 

 
In a two-necked flask, compound 3 (390 mg, 1.9 mmol) was dissolved in EtOH (100 mL), 
and Pd/C 10 wt. % (79 mg, 0.75 mmol) was added. H2 was bubbled through the mixture, 
which was stirred at r.t. for 16 h. The mixture was filtered over Celite® and the solvent was 
evaporated in vacuo to afford compound 4 yield as a green oil (335 mg, 1.87 mmol, 98 %). 
Rf: 0.45 (DCM/MeOH/AcOH, 97:2:1, v/v). 1H NMR (400 MHz, CD3OD) δ 7.04 (t, J = 7.7 
Hz, 1H), 6.71 (s, 1H), 6.67 – 6.60 (m, 2H), 3.58 (q, J = 7.1 Hz, 1H), 1.40 (d, J = 7.1 Hz, 
3H). 13C NMR (101 MHz, DMSO-d6) δ 175.9, 148.9, 142.2, 129.3, 115.5, 113.3, 113.0, 
45.2, 19.0. HRMS (ESI+) m/z calc. for [M+H]+ (C9H12NO2

+): 166.0826 found: 166.0862. 

(E)-2-(3-(Phenyldiazenyl)phenyl)propanoic acid (5) 

 
Compound 4 (14.0 mg, 0.09 mmol) and nitrosobenzene (12 mg, 0.11 mmol) were 
dissolved in AcOH (0.4 mL). After stirring for 16 h, the mixture was quenched with sat. aq. 
NaHCO3, extracted with EtOAc and dried over MgSO4. The solvent was evaporated, and 
the product was purified by flash chromatography (petroleum ether/EtOAc, from 100:0 to 
70:30, v/v) to afford product 5 as an orange solid (14.7 mg, 0.06 mmol, 68 %). Rf: 0.65 
(petroleum ether/EtOAc, 80:20, v/v). 1H NMR (400 MHz, CDCl3) δ 7.94 – 7.89 (m, 3H), 
7.83 (d, J = 7.5 Hz, 1H), 7.55 – 7.43 (m, 5H), 3.88 (q, J = 7.2 Hz, 1H), 1.60 (d, J = 7.2 Hz, 
3H). 13C NMR (101 MHz, CDCl3) δ 180.0, 153.0, 152.8, 141.0, 131.1, 130.2, 129.4, 129.1, 
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122.9, 122.2, 121.9, 45.2, 18.1. HRMS (ESI+) m/z calc. for [M+H]+ (C15H15N2O2
+): 

255.1128, found: 255.1129. M.p.: 69-71 °C. 

(E)-2-(3-((2,6-Difluorophenyl)diazenyl)phenyl)propanoic acid (6) 

 
Compound 4 (75 mg, 0.45 mmol) and 1,3-difluoro-2-nitrosobenzene (85 mg, 0.59 mmol) 
were dissolved in AcOH (2.3 mL). After stirring for 16 h, the mixture was quenched with 
sat. aq. NaHCO3, extracted with EtOAc and dried over MgSO4. The solvent was 
evaporated, and the product was purified by flash chromatography (petroleum 
ether/EtOAc, from 100:0 to 70:30, v/v) to afford product 6 as an orange solid (72 mg, 0.25 
mmol, 55 %). Rf: 0.70 (petroleum ether/EtOAc, 80:20, v/v). 1H NMR (400 MHz, DMSO-d6) 
δ 12.47 (s, 1H), 7.80 – 7.73 (m, 2H), 7.61 – 7.51 (m, 3H), 7.33 (t, J = 9.1 Hz, 2H), 3.87 (q, 
J = 7.1 Hz, 1H), 1.43 (d, J = 7.1 Hz, 3H). 13C NMR (101 MHz, DMSO-d6) δ 175.0, 156.1, 
153.5, 152.6, 142.9, 131.8 (t, J = 10.6 Hz), 131.7, 130.4 (t, J = 10.5 Hz), 129.7, 121.3, 
121.3, 113.1, 112.9, 44.4, 18.4. HRMS (ESI+) m/z calc. for [M+H]+ (C15H13F2N2O2

+): 
291.0940, found: 291.0941. M.p.: 103-104 °C. 

(E)-2-(3-((2-Chlorophenyl)diazenyl)phenyl)propanoic acid (7) 

 
Compound 4 (50 mg, 0.30 mmol) and 2-chloro-nitrosobenzene (56 mg, 0.39 mmol) were 
dissolved in AcOH (1.5 mL). After stirring for 16 h, the mixture was quenched with sat. aq. 
NaHCO3, extracted with EtOAc and dried over MgSO4. The solvent was evaporated, and 
the product was purified by flash chromatography (petroleum ether/EtOAc, from 100:0 to 
70:30, v/v) to afford product 7 as an orange solid (72 mg, 0.25 mmol, 83 %). Rf: 0.45 
(petroleum ether/EtOAc, 80:20, v/v). 1H NMR (400 MHz, DMSO-d6) δ 12.46 (s, 1H), 7.83 
(t, J = 1.8 Hz, 1H), 7.79 (dt, J = 7.6, 1.7 Hz, 1H), 7.70 (dd, J = 8.0, 1.4 Hz, 1H), 7.65 (dd, 
J = 8.0, 1.7 Hz, 1H), 7.59 – 7.50 (m, 3H), 7.47 (td, J = 7.6, 1.4 Hz, 1H), 3.84 (q, J = 7.1 
Hz, 1H), 1.42 (d, J = 7.1 Hz, 3H). 13C NMR (101 MHz, DMSO-d6) δ 175.5, 152.6, 148.4, 
143.3, 134.3, 133.2, 131.8, 131.2, 130.2, 128.6, 122.5, 121.8, 118.1, 44.9, 18.9. HRMS 
(ESI+) m/z calc. for [M+H]+ (C15H14ClN2O2

+): 289.0738, found: 289.0740. M.p.: 109-110 
°C. 

Methyl 2-(3-aminophenyl)propanoate (8) 
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In a two-necked flask, compound 2 (500 mg, 2.41 mmol) dissolved in EtOH (175 mL), and 
Pd/C 10 wt. % (102 mg, 0.96 mmol) was added. H2 was bubbled through the mixture, 
which was stirred at r.t. for 16 h. The mixture was filtered over Celite® and the solvent was 
evaporated in vacuo to afford compound 8 as a red oil (270 mg, 1.51 mmol, 63 %). Rf: 
0.30 (petroleum ether/EtOAc, 80:20, v/v). 1H NMR (400 MHz, CDCl3) δ 7.14 (t, J = 7.8 Hz, 
1H), 6.79 – 6.67 (m, 3H), 4.64 (s, 2H), 3.65 (s, 3H), 3.64 (q, J = 7.1 Hz, 1H), 1.46 (d, J = 
7.1 Hz, 3H). 13C NMR (101 MHz, CDCl3) δ 175.0, 144.5, 141.9, 129.6, 119.1, 115.1, 115.0, 
52.0, 45.3, 18.5. HRMS (ESI+) m/z calc. for [M+H]+ (C10H14NO2

+): 180.1019, found: 
180.1017. 

Methyl 2-(3-nitrosophenyl)propanoate (9) 

 
To a solution of compound 8 (0.23 g, 1.3 mmol) in DCM (6.5 mL), a solution of Oxone® 
(1.60 g, 2.60 mmol) in water (6.5 mL) was added, and the suspension was vigorously 
stirred at r.t. for 30 min. The reaction mixture was diluted with DCM and washed with 1M 
aq. HCl, sat. aq. NaHCO3, brine, dried over MgSO4, and the solvent was removed under 
reduced pressure. The brown solid (crude yield: 95 %) was used directly for the next step 
without purification. 

(E)-Methyl 2-(3-((4-methoxyphenyl)diazenyl)phenyl)propanoate (10) 

 
Compound 9 (75.0 mg, 0.39 mmol) and p-anisidine (62 mg, 0.51 mmol) were dissolved in 
AcOH (1.9 mL). After stirring for 16 h, the mixture was quenched with sat. aq. NaHCO3, 
extracted with EtOAc and dried over MgSO4. The solvent was evaporated, and the product 
was purified by flash chromatography (petroleum ether/EtOAc, from 100:0 to 80:20, v/v) 
to afford product 10 as a dark orange oil (72 mg, 0.25 mmol, 36 %). Rf: 0.60 (petroleum 
ether/EtOAc, 80:20, v/v). 1H NMR (400 MHz, CDCl3) δ 7.93 (d, J = 9.0 Hz, 2H), 7.83 (s, 
1H), 7.79 (d, J = 7.8 Hz, 1H), 7.45 (t, J = 7.8 Hz, 1H), 7.40 (d, J = 7.8 Hz, 1H), 7.01 (d, J 
= 9.0 Hz, 2H), 3.88 (s, 3H), 3.86 (q, J = 7.2 Hz, 1H), 3.68 (s, 3H), 1.57 (d, J = 7.2 Hz, 3H). 
13C NMR (101 MHz, CDCl3) δ 174.9, 162.3, 153.0, 147.1, 141.7, 129.6, 129.4, 125.0, 
122.0, 121.5, 114.4, 55.7, 52.3, 45.5, 18.7. HRMS (ESI+) m/z calc. for [M+H]+ 

(C17H19N2O3
+): 299.1390, found: 299.1393. 

(E)-2-(3-((4-Methoxyphenyl)diazenyl)phenyl)propanoic acid (11) 
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LiOHꞏH2O (8.2 mg, 0.20 mmol) was dissolved in water (1.4 mL), and a solution of 
compound 10 (34 mg, 0.11 mmol) in a mixture of THF (2.2 mL) and MeOH (2.9 mL) was 
added. After stirring overnight at 35 °C, the mixture was diluted with EtOAc and water. The 
aqueous layer was acidified with 1 M aq. HCl and extracted with EtOAc. The organic layer 
was dried over MgSO4 and concentrated to afford compound 11 as a dark orange solid 
(24 mg, 0.09 mmol, 75 %). Rf: 0.65 (petroleum ether/EtOAc, 80:20, v/v). 1H NMR (400 
MHz, CDCl3) δ 7.93 (d, J = 9.0 Hz, 2H), 7.86 (s, 1H), 7.79 (d, J = 7.8 Hz, 1H), 7.46 (t, J = 
7.8 Hz, 1H), 7.41 (d, J = 7.8 Hz, 1H), 7.01 (d, J = 9.0 Hz, 2H), 3.89 (s, 3H), 3.86 (q, J = 7.2 
Hz, 1H), 1.59 (d, J = 7.2 Hz, 3H). 13C NMR (101 MHz, CDCl3) δ 180.1, 162.2, 152.9, 146.9, 
140.8, 129.6, 129.3, 124.9, 121.9, 121.6, 114.2, 55.6, 45.2, 18.1. HRMS (ESI+) m/z calc. 
for [M+H]+ (C17H19N2O3

+): 285.1234, found: 285.1236. M.p.: 120-122 °C. 

(E)-Methyl 2-(3-((4-hydroxy-3-methoxyphenyl)diazenyl)phenyl)propanoate (12) 

 
Compound 8 (95 mg, 0.53 mmol) was dissolved in 1.8 M aq. HCl (1.1 mL) and the solution 
was cooled in an ice-water bath. An ice-cold solution of NaNO2 (37 mg, 0.53 mmol) in 
water (0.10 mL) was added. The mixture was stirred for 1 h under a N2 atmosphere. 
Sulfamic acid (4.9 mg, 0.05 mmol) was added, and the resulting mixture was added 
dropwise to an ice-cold solution of 2-methoxyphenol (66 mg, 5.3 mmol) and sodium 
acetate (73 mg, 0.89 mmol) in 1 M aq. NaOH (1.1 mL). The cooling was removed. After 
stirring for 1 h, 1 M aq. HCl solution was added, and the product was extracted with EtOAc. 
The solvent was removed under reduced pressure, and the product was purified by flash 
chromatography (petroleum ether/EtOAc, 80:20, v/v) to afford compound 12 as an orange 
oil (0.13 g, 0.41 mmol, 76 %). Rf: 0.50 (petroleum ether/EtOAc, 80:20, v/v). 1H NMR (400 
MHz, CDCl3) δ 7.83 (s, 1H), 7.77 (d, J = 7.8 Hz, 1H), 7.60 (dd, J = 8.4, 2.2 Hz, 1H), 7.50 
(d, J = 2.2 Hz, 1H), 7.45 (t, J = 7.8 Hz, 1H), 7.38 (d, J = 7.8 Hz, 1H), 7.05 (d, J = 8.4 Hz, 
1H), 3.97 (s, 3H), 3.84 (q, J = 7.2 Hz, 1zH), 3.69 (s, 3H), 1.58 (d, J = 7.2 Hz, 3H). 13C NMR 
(101 MHz, CDCl3) δ 175.0, 152.8, 149.2, 147.3, 146.7, 141.7, 129.6, 129.4, 122.0, 121.9, 
121.3, 114.4, 102.0, 56.2, 52.3, 45.5, 18.6. HRMS (ESI+) m/z calc. for [M+H]+ 

(C17H19N2O4
+): 315.1339, found: 315.1340. 

(E)-2-(3-((4-Hydroxy-3,5-dimethoxyphenyl)diazenyl)phenyl)propanoic acid (13) 
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Compound 8 (95 mg, 0.53 mmol) was dissolved in 1.8 M aq. HCl (1.1 mL) and the solution 
was cooled in an ice-water bath. An ice-cold solution of NaNO2 (37 mg, 0.53 mmol) in 
water (0.10 mL) was added dropwise. The mixture was stirred for 1 h under a N2 
atmosphere. Sulfamic acid (4.9 mg, 0.050 mmol) was added, and the resulting mixture 
was added dropwise to an ice-cold solution of 2,6-dimethoxyphenol (82 mg, 5.3 mmol) 
and sodium acetate (73 mg, 0.89 mmol) in 1 M aq. NaOH (1.1 mL). The cooling was 
removed. After stirring for 1 h, 1 M aq. HCl solution was added, and the product was 
extracted with EtOAc. The solvent was removed under reduced pressure, and the product 
was purified by flash chromatography (DCM/MeOH, 95:5, v/v) to afford compound 12 as 
a red solid (0.12 g, 0.35 mmol, 66 %). Rf: 0.35 (DCM/MeOH, 95:5, v/v). 1H NMR (400 MHz, 
CDCl3) δ 7.86 (s, 1H), 7.78 (d, J = 7.7 Hz, 1H), 7.46 (t, J = 7.7 Hz, 1H), 7.41 (d, J = 7.7 
Hz, 1H), 7.30 (s, 2H), 4.00 (s, 6H), 3.86 (q, J = 7.2 Hz, 1H), 1.59 (d, J = 7.2 Hz, 3H). 13C 
NMR (101 MHz, CDCl3) δ 179.9, 152.9, 147.4, 145.7, 141.0, 138.1, 129.8, 129.5, 122.1, 
121.6, 100.7, 56.6, 45.4, 18.3. HRMS (ESI+) m/z calc. for [M+H]+ (C17H19N2O5

+): 331.1289, 
found: 331.1291. M.p.: 50-52 °C. 

(E)-Methyl 2-(3-((3,4-dimethoxyphenyl)diazenyl)phenyl)propanoate (14) 

 
Compound 12 (0.13 g, 0.40 mmol) was dissolved in acetone (12 mL). Iodomethane (0.05 
mL, 0.8 mmol) and K2CO3 (0.19 g, 1.4 mmol) were added, and the resulting mixture was 
stirred under reflux at 50 °C for 3 d. The solvent was evaporated and EtOAc was added. 
The mixture was washed with 1 M aq. HCl, dried over MgSO4, and the solvent was 
removed under reduced pressure. The product was purified by flash chromatography 
(petroleum ether/EtOAc, 95:5, v/v) to afford product 14 as a yellow oil (65 mg, 0.20 mmol, 
49 %). Rf: 0.10 (petroleum ether/EtOAc, 95:5, v/v). 1H NMR (400 MHz, CDCl3) δ 7.85 (s, 
1H), 7.78 (d, J = 7.8 Hz, 1H), 7.64 (dd, J = 8.5, 2.2 Hz, 1H), 7.52 (d, J = 2.3 Hz, 1H), 7.46 
(t, J = 7.8 Hz, 1H), 7.39 (d, J = 7.7 Hz, 1H), 7.01 (d, J = 8.5 Hz, 1H), 3.99 (s, 3H), 3.98 (s, 
3H), 3.84 (q, J = 7.1 Hz, 1H), 3.68 (s, 3H), 1.57 (d, J = 7.1 Hz, 3H). 13C NMR (101 MHz, 
CDCl3) δ 174.9, 153.1, 152.1, 149.7, 147.1, 141.7, 129.6, 129.4, 122.1, 121.4, 121.2, 
110.5, 101.9, 56.3, 56.1, 52.3, 45.5, 18.7. HRMS (ESI+) m/z calc. for [M+H]+ 
(C17H19N2O4

+): 329.1496, found: 329.1499. 

(E)-Methyl 2-(3-((3,4,5-trimethoxyphenyl)diazenyl)phenyl)propanoate (15) 

 
Compound 13 (78 mg, 0.24 mmol) was dissolved in acetone (6.9 mL). Iodomethane (0.45 
mL, 7.1 mmol) and K2CO3 (0.15 g, 1.1 mmol) were added, and the resulting mixture was 
stirred under reflux at 50 °C for 2 h. The solvent was evaporated and EtOAc was added. 
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The mixture was washed with 1 M aq. HCl, dried over MgSO4, and the solvent was 
removed under reduced pressure. The product was purified by flash chromatography 
(DCM/MeOH, from 95:5, v/v) to afford compound 15 as a dark orange oil (42 mg, 0.12 
mmol, 50 %). Rf: 0.75 (DCM/MeOH, 95:5, v/v). 1H NMR (400 MHz, CDCl3) δ 7.86 (s, 1H), 
7.79 (d, J = 7.8 Hz, 1H), 7.47 (t, J = 7.8 Hz, 1H), 7.41 (dt, J = 7.8 Hz, 1H), 3.97 (s, 6H), 
3.94 (s, 3H), 3.85 (q, J = 7.2 Hz, 1H), 3.69 (s, 3H), 1.57 (d, J = 7.2 Hz, 4H). 13C NMR (101 
MHz, CDCl3) δ 174.8, 153.6, 152.9, 148.6, 141.8, 140.8, 130.1, 129.5, 122.2, 121.6, 100.6, 
99.6, 61.2, 56.3, 52.3, 45.4, 18.7. HRMS (ESI+) m/z calc. for [M+H]+ (C19H23N2O5

+): 
369.1602, found: 359.1607. 

(E)-2-(3-((3,4-Dimethoxyphenyl)diazenyl)phenyl)propanoic acid (16) 

 
LiOHꞏH2O (14 mg, 0.34 mmol) was dissolved in water (2.0 mL), and a solution of 
compound 14 (65 mg, 0.20 mmol) in a mixture of THF (2.5 mL) and MeOH (3.0 mL) was 
added. After stirring overnight at 35 °C, the mixture was diluted with EtOAc and water. The 
aqueous layer was acidified with 1 M aq. HCl and extracted with EtOAc. The organic layer 
was dried over MgSO4 and concentrated to afford compound 16 as an orange oil (62 mg, 
0.20 mmol, 99 %). Rf: 0.45 (petroleum ether/EtOAc, 50:50, v/v). 1H NMR (400 MHz, CDCl3) 
δ 7.87 (s, 1H), 7.79 (d, J = 7.8 Hz, 1H), 7.63 (dd, J = 8.5, 2.2 Hz, 1H), 7.51 (d, J = 2.2 Hz, 
1H), 7.46 (t, J = 7.8 Hz, 1H), 7.41 (dt, J = 7.8 Hz, 1H), 7.00 (d, J = 8.5 Hz, 1H), 3.98 (s, 
6H), 3.86 (q, J = 7.2 Hz, 1H), 1.59 (d, J = 7.2 Hz, 3H). 13C NMR (101 MHz, CDCl3) δ 180.2, 
153.0, 152.1, 149.7, 147.1, 140.9, 129.8, 129.5, 122.2, 121.6, 121.3, 110.5, 101.9, 56.3, 
56.1, 45.4, 18.3. HRMS (ESI+) m/z calc. for [M+H]+ (C17H19N2O4

+): 315.1339, found: 
315.1341. 

(E)-2-(3-((3,4,5-Trimethoxyphenyl)diazenyl)phenyl)propanoic acid (17) 

 
LiOHꞏH2O (8.0 mg, 0.19 mmol) was dissolved in water (1.4 mL), and a solution of 
compound 15 (40 mg, 0.11 mmol) in a mixture of THF (2.1 mL) and MeOH (2.9 mL) was 
added. After stirring overnight at 35 °C, the mixture was diluted with EtOAc and water. The 
aqueous layer was acidified with 1 M aq. HCl and extracted with EtOAc. The organic layer 
was dried over MgSO4 and concentrated to afford compound 17 as an orange oil (30 mg, 
0.09 mmol, 77 %). Rf: 0.50 (petroleum ether/EtOAc, 50:50, v/v). 1H NMR (400 MHz, CDCl3) 
δ 7.89 (s, 1H), 7.81 (d, J = 7.7 Hz, 1H), 7.48 (t, J = 7.7 Hz, 1H), 7.44 (d, J = 7.7 Hz, 1H), 
3.97 (s, 6H), 3.94 (s, 3H), 3.87 (q, J = 7.1 Hz, 1H), 1.60 (d, J = 7.1 Hz, 3H). 13C NMR (101 
MHz, CDCl3) δ 180.2, 153.6, 152.9, 148.6, 141.0, 140.9, 130.2, 129.5, 122.3, 121.8, 100.6, 
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61.2, 56.3, 45.4, 18.2. HRMS (ESI+) m/z calc. for [M+H]+ (C18H21N2O5
+): 345.1445, found: 

345.1450. 

(E)-Methyl 2-(3-((2-hydroxynaphthalen-1-yl)diazenyl)phenyl)propanoate (18) 

 
Compound 8 (15 mg, 0.08 mmol) was dissolved in 1.8 M aq. HCl (0.17 mL) and the solution 
was cooled in an ice-water bath. An ice-cold solution of NaNO2 (5.8 mg, 0.08 mmol) in 
water (0.15 mL) was added dropwise. The mixture was stirred for 1 h under a N2 
atmosphere. Sulfamic acid (0.8 mg, 0.01 mmol) was added, and the resulting mixture was 
added dropwise to an ice-cold solution of naphthalen-2-ol (12 mg, 0.08 mmol) and sodium 
acetate (12 mg, 0.14 mmol) in 1 M aq. NaOH (0.17 mL). The cooling was removed. After 
stirring for 1 h, 1 M aq. HCl solution was added, and the product was extracted with EtOAc. 
The solvent was removed under reduced pressure, and the product was purified by flash 
chromatography (petroleum ether/EtOAc, from 100:0 to 80:20, v/v) to afford compound 12 
as a red solid (23 mg, 0.07 mmol, 82 %). Rf: 0.55 (petroleum ether/EtOAc, 80:20, v/v).1H 
NMR (400 MHz, CDCl3) δ 8.54 (d, J = 8.2 Hz, 1H), 7.71 (d, J = 9.5 Hz, 1H), 7.63 (m, 2H), 
7.61 – 7.53 (m, 2H), 7.41 (dt, J = 14.9, 7.5 Hz, 2H), 7.24 (d, J = 7.7 Hz, 1H), 6.85 (d, J = 
9.5, 1H), 3.83 (q, J = 7.2 Hz, 1H), 3.71 (s, 3H), 1.58 (d, J = 7.2 Hz, 3H). 13C NMR (101 
MHz, CDCl3) δ 174.7, 172.5, 145.1, 142.4, 140.4, 133.7, 130.3, 130.0, 129.1, 128.8, 128.2, 
126.6, 126.0, 125.0, 121.9, 118.0, 117.4, 52.4, 45.5, 18.7. HRMS (ESI+) m/z calc. for 
[M+H]+ (C20H19N2O3

+): 335.1396, found: 335.1392. M.p.: 76-78 °C. 

(E)-Methyl 2-(3-((2-methoxynaphthalen-1-yl)diazenyl)phenyl)propanoate (19) 

 
Compound 18 (72 mg, 0.22 mmol) was dissolved in acetone (6.3 ml, 0.03 M). Iodomethane 
(27 µL, 0.43 mmol) and K2CO3 (0.11 g, 0.77 mmol) were added, and the resulting mixture 
was stirred under reflux at 50 °C for 3 d. The solvent was evaporated and EtOAc was 
added. The mixture was washed with 1 M aq. HCl, dried over MgSO4, and the solvent was 
removed under reduced pressure. The product was purified by flash chromatography 
(petroleum ether/EtOAc, 95:5, v/v) to afford compound 19 as a red oil (50 mg, 0.14 mmol, 
67 %). Rf: 0.50 (petroleum ether/EtOAc, 80:20, v/v). 1H NMR (400 MHz, CDCl3) δ 8.36 (d, 
J = 8.5 Hz, 1H), 7.96 (s, 1H), 7.92 – 7.87 (m, 2H), 7.83 (dt, J = 8.1 Hz, 1H), 7.55 – 7.39 
(m, 5H), 4.00 (s, 3H), 3.89 (q, J = 7.2 Hz, 1H), 3.71 (s, 3H), 1.61 (d, J = 7.2 Hz, 3H). 13C 
NMR (101 MHz, CDCl3) δ 174.8, 153.9, 148.6, 141.8, 136.5, 131.3, 130.1, 129.5, 129.3, 
128.6, 128.0, 127.9, 124.6, 123.3, 122.5, 121.3, 114.8, 57.6, 52.3, 45.5, 18.7. HRMS 
(ESI+) m/z calc. for [M+H]+ (C21H21N2O3

+): 371.1366, found: 371.1366. 
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(E)-2-(3-((2-Methoxynaphthalen-1-yl)diazenyl)phenyl)propanoic acid (20) 

 
LiOHꞏH2O (11 mg, 0.26 mmol) was dissolved in water (1.9 mL), and a solution of 
compound 19 (52 mg, 0.11 mmol) in a mixture of THF (2.9 mL) and MeOH (3.8 mL) was 
added. After stirring overnight at 35 °C, the mixture was diluted with EtOAc and water. The 
aqueous layer was acidified with 1 M aq. HCl and extracted with EtOAc. The organic layer 
was dried over MgSO4 and concentrated to afford compound 20 as an orange oil (42 mg, 
0.013 mmol, 84 %). Rf: 0.35 (petroleum ether/EtOAc, 50:50, v/v). 1H NMR (400 MHz, 
CDCl3) δ 8.35 (d, J = 8.6 Hz, 1H), 7.97 (s, 1H), 7.92 – 7.85 (m, 2H), 7.83 – 7.79 (d, J = 8.1 
Hz, 1H), 7.54 – 7.35 (m, 6H), 3.97 (s, 3H), 3.89 (q, J = 7.2 Hz, 1H), 1.60 (d, J = 7.2 Hz, 
3H). 13C NMR (101 MHz, CDCl3) δ 179.7, 153.9, 148.6, 141.3, 136.4, 131.3, 130.3, 129.5, 
129.3, 128.6, 128.0, 127.9, 124.6, 123.3, 122.4, 121.6, 114.7, 57.5, 45.5, 18.4. HRMS 
(ESI+) m/z calc. for [M+H]+ (C20H19N2O3

+): 335.1390, found: 335.1395. M.p.: 61-62 °C. 

Methyl 2-(4-nitrophenyl)acetate (21) 

 
2-(4-Nitrophenyl)acetic acid (2.5 g, 14 mmol) was dissolved in MeOH (0.14 L), and conc. 
H2SO4 (1.0 mL, 19 mmol) was added. The mixture was stirred under reflux at 65 °C 
overnight. The reaction mixture was cooled down to r.t. and 50 mL of both EtOAc and 1 M 
aq. NaOH were added. The organic layer was separated and washed two more times with 
1 M aq. NaOH, dried over MgSO4, and the solvent was evaporated in vacuo to afford 
compound 21 as a white solid (2.22 g, 11.4 mmol, 82 %). Rf: 0.40 (petroleum ether/EtOAc 
= 80:20, v/v). 1H NMR (400 MHz, CDCl3) δ 8.12 (d, J = 8.7 Hz, 2H), 7.40 (d, J = 8.7 Hz, 
2H), 3.68 (s, 3H), 3.65 (s, 3H). 13C NMR (101 MHz, CDCl3) δ 170.6, 147.4, 141.3, 130.3, 
123.7, 52.3, 40.7. HRMS (ESI-) m/z calc. for [M-H]- (C9H8NO4

-): 194.0459, found: 
194.0461. M.p.: 35-37 °C. 

Methyl 2-(4-nitrophenyl)propanoate (22) 

 
Sodium hydride (36.8 mg, 1.53 mmol) was stirred in THF (7 mL), and the mixture was 
cooled down to -40 °C with an acetone/liquid N2 bath. A solution of compound 21 (230 mg, 
1.18 mmol) in THF (15 mL) was added dropwise. After stirring the mixture for 2 h, 
iodomethane (0.15 mL, 2.4 mmol) was added dropwise and stirred for further 2 h. The 
mixture was quenched with sat. aq. NH4Cl, extracted with EtOAc, washed with brine, and 
the solvent was evaporated. The product was purified by flash chromatography (petroleum 
ether/EtOAc, from 100:0 to 90:10, v/v) to afford compound 22 as a colorless oil (0.12 g, 
0.59 mmol, 50 %). Rf: 0.65 (petroleum ether/EtOAc = 80:20, v/v). 1H NMR (400 MHz, 
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CDCl3) δ 8.19 (d, J = 8.7 Hz, 2H), 7.47 (d, J = 8.7 Hz, 2H), 3.84 (q, J = 7.2 Hz, 1H), 3.68 
(s, 3H), 1.55 (d, J = 7.2 Hz, 3H). 13C NMR (101 MHz, CDCl3) δ 173.8, 147.8, 147.3, 128.7, 
124.0, 52.5, 45.4, 18.6. HRMS (ESI-) m/z calc. for [M-H]- (C10H10NO4

-): 208.0615, found: 
208.0617. 

2-(4-Nitrophenyl)propanoic acid (23) 

 
LiOHꞏH2O (36 mg, 0.85 mmol) was dissolved in water (6.3 mL), and a solution of 
compound 22 (0.10 g, 0.50 mmol) in a mixture of THF (9.6 mL) and MeOH (13 mL) was 
added. After stirring overnight at 35 °C, the mixture was diluted with EtOAc and water. The 
aqueous layer was acidified with 1 M aq. HCl and extracted with EtOAc. The organic layer 
was dried over MgSO4 and concentrated to afford compound 23 as a brown solid (77 mg, 
0.40 mmol, 79 %). Rf: 0.10 (petroleum ether/EtOAc, 80:20, v/v). 1H NMR (400 MHz, CDCl3) 
δ 9.47 (s, 1H), 8.19 (d, J = 8.7 Hz, 2H), 7.49 (d, J = 8.7 Hz, 2H), 3.87 (q, J = 7.2 Hz, 1H), 
1.57 (d, J = 7.2 Hz, 3H). 13C NMR (101 MHz, CDCl3) δ 179.4, 147.5, 146.9, 128.8, 124.0, 
45.3, 18.2. HRMS (ESI-) m/z calc. for [M-H]- (C9H8NO4

-): 194.0459, found: 194.0459. M.p.: 
81-83 °C. 

2-(4-Aminophenyl)propanoic acid (24) 

 
In a two-necked flask, compound 23 (45 mg, 0.23 mmol) was dissolved in EtOH (11 mL), 
and Pd/C 10 wt. % (9.8 mg, 0.09 mmol) was added. H2 was bubbled through the mixture, 
which was stirred at r.t. for 16 h. The mixture was filtered over Celite® and the solvent was 
evaporated in vacuo to afford compound 24 as a green oil (28 mg, 0.17 mmol, 74 %). Rf: 
0.45 (DCM/MeOH/AcOH, 97:2:1, v/v). 1H NMR (400 MHz, CD3OD) δ 7.06 (d, J = 8.5 Hz, 
2H), 6.69 (d, J = 8.5 Hz, 2H), 3.56 (q, J = 7.0 Hz, 1H), 1.39 (d, J = 7.0 Hz, 3H), spectrum 
in agreement with literature data.33 HRMS (ESI-) m/z calc. for [M-H]- (C9H10NO2

-): 
164.0712, found: 164.0712. M.p.: 123-125 °C. 

(E)-2-(4-(Phenyldiazenyl)phenyl)propanoic acid (25) 

 
Compound 24 (25 mg, 0.15 mmol) and nitrosobenzene (21 mg, 0.20 mmol) were dissolved 
in AcOH (1.5 mL). After stirring for 16 h, the mixture was quenched with sat. aq. NaHCO3, 
extracted with EtOAc and dried over MgSO4. The solvent was evaporated, and the product 
was purified by flash chromatography (petroleum ether/EtOAc, from 100:0 to 70:30, v/v) 
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to afford product 5g as an orange solid (31 mg, 0.12 mmol, 80 %). Rf: 0.75 (petroleum 
ether/EtOAc, 80:20, v/v). 1H NMR (400 MHz, CDCl3) δ 7.93 – 7.88 (m, 4H), 7.55 – 7.45 
(m, 5H), 3.84 (q, J = 7.2 Hz, 1H), 1.58 (d, J = 7.2 Hz, 3H). 13C NMR (101 MHz, CDCl3) δ 
180.0, 152.8, 152.1, 142.8, 131.2, 129.2, 128.6, 123.3, 123.0, 45.4, 18.3. HRMS (ESI+) 
m/z calc. for [M+H]+ (C15H15N2O2

+): 255.1128, found: 255.1131. M.p.: 132-134 °C. 

(E)-2-(2,4-Dichloro-3-((2,6-dichlorophenyl)diazenyl)phenyl)propanoic acid (26) 

 
In a pressure tube, compound 5 (25 mg, 0.10 mmol), NCS (66 mg, 0.49 mmol) and 
Pd(OAc)2 (2.2 mg, 0.01 mmol) were dissolved in AcOH (0.78 mL). The tube was secured 
with Teflon tape and closed, heated to 140 °C and stirred for 16 h. The mixture was diluted 
with DCM, neutralized with sat. aq. NaHCO3, and extracted with DCM. The solvent was 
evaporated, and the product was purified by flash chromatography (petroleum 
ether/EtOAc, from 100:0 to 90:10, v/v) to afford compound 26 as a red oil (20 mg, 0.05 
mmol, 52 %). Rf: 0.70 (petroleum ether/EtOAc, 50:50, v/v). 1H NMR (400 MHz, DMSO-d6) 
δ 12.63 (s, 1H), 7.71 (m, 3H), 7.53 (t, J = 8.0 Hz, 2H), 4.17 (q, J = 7.2 Hz, 1H), 1.48 (d, J 
= 7.2 Hz, 3H). 13C NMR (101 MHz, DMSO-d6) δ 174.2, 147.2, 146.6, 140.2, 131.6, 130.3, 
130.1, 129.8, 126.8, 126.4, 123.0, 42.0, 17.1. HRMS (ESI+) m/z calc. for [M+H]+ 
(C15H11Cl4N2O2

+): 392.9540, found: 392.9541. 

5.6.2 Photochemical and thermal isomerization by UV-vis and NMR 
spectroscopy 

For general remarks, see Chapter 3. 

Table 5.1. Photochemical properties in DMSO. 

 

Compound λmax (nm) λ1/ λ2 (nm) PSDλ1 (E:Z) PSDλ2 (E:Z) t1/2 

5 324 365/430 17:83 77:23 > 3 d 

6 318 535/390 27:73 69:31 > 1 d 

7 330 365/400 7:93 n.d. > 1 d 

11 354 365/535 5:95 77:23 > 1 d 

16 370 390/445 18:82 66:34 > 1 d 

17 358 365/430 8:92 64:36 > 1 d 

20 382 390/430 29:71 68:32 > 1 d 

25 330 365/430 5:95 80:20 > 1 d 

26 330 630/400 8:92 95:5 > 3 d 
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Figure 5.5. Overview of the PSDs from Table 5.1 in DMSO-d6, upon irradiation with light 
of λ1 (blue = % of (E)-isomer; red = % of (Z)-isomer). 

5.6.3 COX-2 inhibition assay 

The inhibitory potency of the compounds against COX-2 was determined using a 
fluorometric COX-2 inhibitor screening kit (BioVision, Catalog No. K547-100). The 
experimental protocol of the supplier was applied with slight modifications. 

In a 96-well plate, COX-2 was incubated with cofactor, COX probe and inhibitor for 10 min. 
The obtained solution was used as blank for UV-vis spectroscopy (Agilent 8453). Next, a 
NaOH solution of arachidonic acid was added to the blank and the fluorescence (λEx/λEm 
= 535/587 nm) was monitored every 12 s for 300 s at 25 °C with a BioTek-Synergy H1 
multimode microplate reader. Linear regression was performed in Microsoft Excel to 
calculate ∆Em/s. % COX-2 activity was calculated as the ratio between ∆Em/s for the 
sample and ∆Em/s for the control reaction. GraphPadPrism 5.0 (GraphPad Software, Inc., 
version 5.00) was used for the IC50 determination, using nonlinear regression for data 
fitting. 

5.6.4 Geometry measurements from the CSD and the PDB 

For general remarks, see Chapter 4. 

The azobenzene and the benzophenone substructures were searched on ConQuest (as 
of November 2019, ver 2.0.5, Cambridge Crystallographic Data Centre), allowing for all 
possible heterocycles. For the benzophenone query, the carbonyl carbon was set as 
acyclic. CSD search parameters: R factor ≤ 0.10, 3D coordinates determined, not 
disordered, no ions, no errors, not polymeric, only organic. 1337 azobenzene and 1010 
benzophenone structures were found. The angle between the ring planes and the distance 
between the ring centroids were measured in both datasets.  

An analogous analysis was conducted on the PDB ligands containing azobenzene or 
benzophenone substructures. The ligand structures were collected from 
https://www.rcsb.org/pdb/ligand/chemAdvSearch.do (as of November 2019) and 
processed with an in-house KNIME workflow. Only two ligands that featured a cis-
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azobenzene were found, which was not sufficient for any analysis. This result shows that 
co-crystallization with ligands containing the thermally unstable cis-azobenzene remains 
an ongoing challenge in photopharmacology. On the contrary, the trans-azobenzene and 
the benzophenone queries resulted in 101 and 168 hits, respectively. The histograms of 
the PDB measurements showed a similar but broader distribution compared to the CSD 
data, as expected for structures of protein-ligand complexes because of their lower 
accuracy and the interactions with the binding pocket and water molecules. 

 

Figure 5.6. Comparison of the ring angles and distances distributions for (E)-azobenzene 
(A) and benzophenone (B) substructures in the CSD (orange) and PDB (violet). 

N-unsubstituted biaryl sulfonamides showcase a (Z)-like geometry in more than 75% of 
the structures, according to the centroid angle criterium. However, when dihedral angles 
are considered, most of the biaryl sulfonamides in the CSD appear to have an unsuitable 
dihedral angle being between the values observed for (Z)- and (E)-azobenzene structures.  

5.6.5 Molecular docking 

For general remarks, see Chapter 3. 

PDB ID: 7D19 (for section 5.2) 

After preparation with LigPrep, the non-optimal structures of (E)- and (Z)-GO1423 were 
further minimized with MacroModel (Force Field: OPLS3, water, Method: PRCG) with 
torsional constraints (Force constant = 1000 kj/mol) derived from the CSD. For (E)-
GO1423, the ccN=N dihedral angles were set to 180 ± 5° and 0 ± 5°, and the cN=Nc 
dihedral angle was set to 180 ± 5°. For (Z)-GO1423, the ccN=N dihedral angles were set 
to -60 ± 5° and 130 ± 5°. The ligands were docked with Glide XP,34 flexible, performing 
post-docking minimization on 30 poses and writing out at most 20 poses per ligand. 
Redocking of the co-crystallized ligand resulted in root-mean-square deviation (RMSD) = 
2.2 Å. The dimethyl-benzene ring of the core structure was predicted to engage in 
hydrophobic contacts with a deeper zone of the binding pocket, hence the RMSD value is 
quite high. However, visual inspection of the pose shows that the prediction of the binding 

A 

B 
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pose on the rest of the ligand is correct (Figure 5.10). To avoid heavy twisting of the outer 
benzene ring of (E)-GO1323, (E)-DK551, (E)-YG037 and (E)-GO1423, the option 
‘Enhance planarity of conjugated pi groups’ was selected and the ccN=N dihedral angle 
was constrained. The same dihedral angle was constrained for (Z)-GO1423 to keep the 
optimal geometry that was obtained after the constrained MM minimization.  

 

Figure 5.7. Redocking (purple) of the co-crystallized TH129 (green). 

PDB ID: 4PH9 (for section 5.3) 

For the IFD protocol, see Chapter 3. Chain A of the PDB ID: 4PH9 was selected. The co-
crystallized ligand (ibuprofen) was redocked with RMSD = 0.4 Å.  

 

Figure 5.8. Redocking (purple) of the co-crystallized ibuprofen (green). 

5.6.6 Density Functional Theory (DFT) calculations 

For general remarks, see chapter 4.  
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Table 5.2. Dipole moments calculated at the M06-2X-D3/aug-CC-PVTZ(-F) level of theory, 
in vacuum and in a CPCM water model 
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